should be of the order of 104 million tons (Conab 2015) . Productivity increases in time of the maize crop are due to the development of agriculture in relation to the breeding of plants and management practices, including the correction and fertilization of soils (Bender et al. 2013 , Ciampitti et al. 2013 . After productivity increases obtained through breeding, the problem of adequate nutrient supply at the right time, which today is based on current shortcomings in soil nutrient tests, is the key answer for further improvement. Nowadays, nitrogen can be applied at appropriate rates based on crop sensors. Crop sensors are now being developed for other nutrients, based on optical physics to reveal spectra that reflect plant nutrient concentrations in vivo. In this way management decisions could be met much easier, added to solid scientific concepts and to models as presented here.
As an example, in Brazil information on absorption and partition nutrients by the maize plant come from older literature as stated by Ciampitti et al. (2013) . The most recent work on the absorption and partition nutrients in maize has been conducted mainly in the United States. Only few studies were performed for modern maize hybrids used in Brazil (Von Pinho et al. 2009 ). The lime and fertilizer recommendations are still based on studies made many years ago and are organized in books and tables, such as Raij et al. (1997) , Ribeiro et al. (1999) , SBCS (2004) and Oliveira (2003) .
In addition, agricultural production systems have also improved in the past decades, using higher plant densities, reduced seed spacing, new agrochemicals for crop protection and transgenic hybrids (Bender et al. 2013) .
The improvement of agronomic practices and the use of increasingly growing high-tech crops may have changed the dynamics of absorption and partitioning of nutrients by the maize crop. Therefore, there is room for studies on the current absorption patterns and partition of nutrients. As stated before, it is important to note that even with the growing development of agriculture, worldwide fertilizer recommendations for the maize crop are still based on the critical content of the nutrient in the soil, which is a static approach for such a dynamic process and that is not specific for each employed management system. The critical content or critical level of a nutrient may be defined as the nutrient content in the soil which should correspond to the readiness to obtain the maximum economic productivity, considered between 80 and 90% of the maximum yield (Cantarutti et al. 2007) .
The determination of the critical content is derived from empirical models that relate the nutrient content extracted by chemical analysis of the soil with the nutrient content in the plant or with productivity (Bray 1948 , Cantarutti et al. 2007 , Cate and Nelson 1965 , Corey 1987 . This methodology had its importance and is relatively simple, but does not consider that the critical content in the plant may vary according to species, phenological stage of the crop, expected productivity, soil, and climatic interactions (Santos et al. 2008) .
Furthermore, the factors that interact in an agricultural production system can be better analyzed using mathematical models, and so help in the search for appropriate soil management practices in modern agricultural production systems. Mathematical models that are developed based on scientific knowledge are called mechanistic models, and those based on observations are called empirical models (Fancelli and Dourado Neto 1997 , Silva et al. 2006 , Timm et al. 2004 ). These models seek to represent the natural processes that determine the availability and absorption of nutrients and thus increase the understanding of the system, allowing a refinement of the recommendations of correctives and fertilizers (Cantarutti et al. 2007) , and also helping to manage soils in a way that positively influences the availability of nutrients when the demand of the plant exists.
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Following these lines, this study aims to propose a methodology for characterizing the maize crop with respect to: (i) composition and dry matter production of the different organs during plant development, (ii) extraction and distribution of nutrients in these organs, and (iii) estimate the macronutrient concentration in the stalk sap.
Materials anD MethoDs
The experiment was carried out in Piracicaba (SP), Brazil (22° 41' 30" South; 47° 38' 30" West, 546 m above sea level). The soil was classified as a Typic Hapludox (Soil Survey Staff 1975 In this way, during the whole experimental period a total of 630 plants was sampled, corresponding to 1.93% of the total number of plants, therefore not affecting significantly the final yield, which was however corrected by this factor. To define each development stage of the crop, phonologic observations were performed every two days during the whole crop cycle, according to Ritchie et al. (1996) .
Climatologic data were used to calculate degree-days (DD, o C.day) with 10ºC as the lower base temperature (Fancelli and Dourado Neto 1997) . Potential reference evapotranspiration (ETo, mm.day -1 ), was calculated by the method of Penman-Monteith (Allen et al. 1998), and a climatological water balance was established according to Thornthwaite and Mather (1955) . Plant samples were separated into leaf, stalk, tassel and ear (cob and kernels, style-stigma and corn husk), dried at 65 0 C until constant weight for dry matter determination using a 0.001 g precision digital scale. Thereafter, samples were homogenized and subsamples were sent for nutrient analysis (N, P, K, Ca, Mg and S) according to Silva (2009) .
During crop development, leaf area per plant was evaluated measuring the areas of all leaves
of six plants, using a LI-COR ® sensor, model Li-3100C. This was made at all growth stages.
Harvest was performed at physiologic maturity (R 6 stage) (Ritchie et al. 1996) , collecting all plants of the central two rows of 7 m, disregarding 0.5 m at each border. Grain yield (P, kg.ha , and the mass (kg) of 1,000 grains at 13% moisture.
Based on dry matter and nutrient concentration of each plant organ, a model was chosen to characterize nutrient absorption (A) and nutrient partitioning among the various organs: root, leaf, stalk and reproductive organs. The model considers that the fertilizer recommendation should be based on the temporal variability of the nutrient absorption rate, in comparison to the classic recommendation based on the critical soil nutrient content.
Considering that at a given time t (DAS) within the crop cycle, plants have accumulated a dry matter Y, with a given nutrient content (Ti), the cumulative nutrient absorption A is given by the product Y x T. Following this reasoning, our Y and T data were modeled as a function of time using appropriate equations.
The development of the general model ( Fig.  1 ) is based on the growth curve of the maize plant ( Fig. 1a) given by the accumulation of the total dry matter, which is a sigmoidal equation (Eq. 1).
The sigmoidal curve characterizes positively increasing growth rates of dry matter accumulation in the vegetative stages, and thereafter continuing increasing dry matter accumulation but with positively decreasing rates in the reproductive stages, resulting in a typical S shaped curve (Fig.  1a or 1b) .
The distinction between these two phases was made by the inflection point of (Eq. 1). The following equation was suggested to represent the maize growth (Y, kg.ha -1 ) curve as a function of time (t, DAS) ( Fig. 1a) :
with empirical parameters a, b, c and d, valid in the interval t = 1 (first day after emergence) and t = t m (maturity). The four model parameters were fitted with aid of the program Table Curve® 
with two fitting empirical parameters ε and θ , or a constant linear function with the parameter k (the average value of nutrient content):
both valid in the interval between t = 14 DAS (first day of T evaluation) and t = t m (maturity, last day of evaluation). At each time t (starting at t = 14 DAS), multiplying Y (kg[dry matter].ha -1 -growth curve) (Fig. 1a) by the respective T (g.kg -1 -kg of the macronutrient per kg of total dry matter) that can be constant or not (Fig. 1c-1 or 1c-2) , we obtain the temporal variation of macronutrient absorption (A, kg.ha -1 -kg of the macronutrient per hectare) ( Fig.   1d ), so that:
The aim of the proposed model was to obtain the curve of the absorption rate (λ, kg.ha 
The model for the calculation of the release rate of the macronutrient by the soil was assumed as at least the maximum absorption rate throughout the growth cycle and is illustrated in Fig. 1e (dashed line).
From the fi rst derivative of the absorption rate of a macronutrient λ (or the second derivative of the temporal variation of macronutrient absorption -A), it is possible to calculate the maximum absorption rate (λm i , kg.ha -1 .day
) of the i th macronutrient (N, P, K, Ca, Mg or S), which should be related to the critical nutrient content in the plant sap (Cc i , mg.L -1 ) and in the soil solution (Fig. 1e) During the dry spell the available water was reduced from the AWC = 46.4 mm to about 12.0 mm (Fig. 2b ), but this water stress was not so severe as observed through growth parameters. Between 57 and 121 DAS, rainfall was sufficient to allow a normal development of the crop (V 15 to R 5 stage). Thereafter, rainfall stopped until maturity (R 6 stage) and the harvest could be well performed. Maize crop water requirements for our conditions are in the range 350 to 600 mm, so that the total of 409.6 mm is within this range. One reason for a no water stress condition of the crop was the high available water during the first 20 days of crop establishment.
Air temperature and ETa were as expected and adequate considering that the temperature range for maize is between 10 and 30ºC, more specifically, between 26 and 30ºC during day and 16 and 19ºC during night (Edwards 2009 ).
Calendar dates and DAS referring to the growth stages of the maize crop are listed in Table  I together with accumulated DD (using 10ºC as lower basal temperature) and relative development based on dry matter accumulation. 
Leaf area and dry matter accumulation
Positive increments of dry matter were observed since the beginning of growth and development up to the beginning of the reproductive phase (R 1 ) (Ritchie et al. 1996) when the total dry matter accumulated was 112 g.plant -1 (Tables I and II) .
In relation to leaf area, at the beginning of the growth and development of the crop at 14 DAS (V 2 growth stage) its value was 99.8 cm 2 .plant -1 and at 70 DAS (R 1 stage) it expanded to 6,129.1 cm 2 .
plant -1 . After this date (flowering), the leaf area was maintained practically constant until 127 DAS (R 5 -R 6 stage), with a significant drop at 139 DAS (R 6 stage) presenting 4,454.8 cm 2 .plant -1 (Table II) .
In this experiment the total dry matter accumulation was fitted to the model described in Equation 1 (Fig. 2a) , with a very high R 2 of 0.9772. Therefore, this model was used in the following calculations. The growth rate of the maize crop β (dY/dt, kg.ha -1 .day -1 ) increased daily during the development according to dY 2 /dt 2 (growth acceleration or daily dry matter gain), up to 84 DAS with a value of 227 kg.ha -1 .day -1 (Fig. 2b) . Hereafter, daily gains decreased until they become zero when the growth rate became maximum (βm), at 112 DAS, with a crop growth of 289.4 kg.ha -1 .day -1 (Fig. 2b) .
After 112 DAS, the values of the growth rate continued to be positive, but with negative daily gains, i.e., the maize plant slowed down its dry matter accumulation as a consequence of the senescence process.
Macronutrient content in the whole plant
Regarding macronutrient content in the whole plant, N, P, K, Ca and S started high and decreased almost leveling off at the end of the maize crop cycle (Fig. 3a, d and g and 4a and g). As it can be seen, the exponential model fitted well to most of the macronutrients, excepted for Mg (Fig. 4d) .
In general, as there is a low plant biomass during the initial growth, a high concentration of nutrients is found to be derived from the soil for all macronutrients, excepted for magnesium. With the growth of the plant, which usually follows a sigmoidal model, the mass accumulation is more expressive than the capacity of the plant to absorb and concentrate nutrients. Thus, there is an obvious dilution effect due to the growth of the plant. Furthermore, it is known that higher concentrations of N, for example, are related to leaves. Over time, other structures as mainly the stalk, gain greater proportion in the share of total dry matter thus contributing to part of this dilution eff ect.
Macronutrient absorption A and absorption rate λ for the whole plant
For the whole maize plant, Fig. 3 and 4 present the total absorption of the macronutrients and their respective absorption rates, together with the macronutrient contents, all as a function of time (DAS). Obviously Equation 2-A fi tted well to all nutrients with exception of Mg that presented a constant behavior following Equation 2-B. The total absorption followed well the behavior of Equation 3 for all nutrients but K with a poorer fi t. The absorption rate increases for all nutrients from 14 to 139 DAS, as expected. The fact that the function T(t) is a decreasing power function for most nutrients (N, P, K, Ca and S), the temporal variation of macronutrient absorption functions A are not pure sigmoids like the function Y(t) (Fig.  3 and 4) . Therefore the absorption rates λ are also not perfectly bell-shaped and present initial high values, which are here not considered as maximum rates due to the early stages of plant growth. Potassium (K) behaved similar to nitrogen, but with a slightly worse fi t. Nevertheless, the power model for K content was chosen, in the same way as for the contents of N and P. The total absorption (A) of K also increased with the growth and development of the maize crop. 
Macronutrient content in stalk sap
With the aim of estimating the macronutrient concentrations in the maize stalk sap at the time of maximum absorption, the Equation 6 was used. The values for macronutrient contents, the total absorption of macronutrients and the absorption rates of each macronutrient, and calculations are shown in Table III . The grain productivity of the maize crop was 10,335 kg.ha -1 (13% of seed water content).
The maximum absorption of the macronutrients occurred between 102 and 112 days after sowing (Table III) , i.e., during the R 3 (crop presenting 50% of the plants exhibiting pasty grains) and R 4 (50% of the plants exhibiting farinaceous grains) stages. These stages are therefore the most important with respect to the nutritional needs of the maize crop. In these stages the starch accumulation in the maize grain increases featuring a period of grain fi lling, resulting in greater dry mass of grain (Edwards 2009) . Experiments carried out with the aim of evaluating the absorption of nutrients by a maize crop also report that the increased absorption of the nutrients N, P, K and S occurred at the R 3 stage, when the crop presented 50% of the plants with pasty grains (Ciampitti et al. 2013) .
The ETa values for corresponding days of λn are relatively small because of the winter season in Piracicaba (SP) and due to cloudiness. Estimates of the critical concentration in the gross plant sap were highest for potassium, followed by nitrogen (Table III) . The critical concentration (C C , mg.L -1 ) of each nutrient in the xylem sap was here assumed to be related to the soil solution absorbed by plant roots (Table III) . Based on the analysis of the results obtained in this research, it is suggested that future studies should be conducted in more than one growing season, with replicates of several years or even at different times. Such experiments may include different genotypes, as well as different regions, varying the population of plants in the experimental area, and simulate high, medium and low technology managements. It may also be considered to test the validity of this new approach under different managements, such as different water and nutrient supply and different soil structural conditions caused by the soil tillage system.
conclusions
The highest percentage of dry matter was initially observed to be assigned to leaves. 70 days after sowing (R 1 growth stage), the highest percentage of dry matter was in the stalk, which at this stage was the main storage organ of the maize plant. From the reproductive phase, the highest dry matter was conferred to the reproductive organs, because after flowering there is intense demand for carbohydrates and nutrients for grain filling.
The macronutrient content followed a power model, with higher values for the initial stages of development, except for Mg that presented a constant value.
The maximum growth rate occurred at 112 days after sowing (R 4 -R 5 growth stage). The maximum nutrient absorptions occurred for N, P, K, Ca, Mg and S at 102 (R 3 -R 4 ), 103 (R 3 -R 4 ), 105 (R 4 -R 5 ), 110 (R 4 -R 5 ), 112 (R 4 -R 5 ) and 104 (R 4 ) days after sowing), respectively.
It was possible to estimate macronutrient concentrations in the maize stalk sap, which are expected to guide methodologies that use the plant as an extractor in future calculations of fertilizer rates for the maize crop. The main focus was on diagnosing a crop and mathematically describing nutrient uptake and partitioning. In future studies, the sensitivity of the approach to different management systems needs to be evaluated. The approach introduced in this study has great potential in cases where sensors for automatic plant nutrient status become available. The proposed modeling approach will have great potential for decision support. Crop evapotranspiration: guidelines for computing crop water requirements. Italy, Rome, 297 p.
